Abstract: Although cigarette smoking is one major determinant of lung carcinogenesis, not all smokers develop cancer. This phenomenon is due to individual variation in genetic susceptibility to carcinogens, nutrition, and lifestyle. Previous studies have shown that genetic polymorphism of metabolic enzymes and plasma micronutrients are associated with lung cancer risk. DNA adducts may serve as a molecular dosimeter for exposure to carcinogens. In this cross-sectional study, we analyzed the blood samples of 158 subjects to evaluate the effects of polymorphisms of cytochrome P450 1A1 (CYP1A1), glutathione S-transferase Ml (GSTM1), T (GSTT), N-acetytransferase 2 (NAT2), and aldehyde dehydrogenase 2 (ALDH2) as well as the effects of plasma /3-carotene and atocopherol on lymphocyte DNA adducts measured by 32P-postlabeling analysis. The DNA adduct level of smokers (mean ± SD, 1.26 ± 0.79/108 nucleotides) was significantly higher than that of nonsmokers (0.87 ± 0.33, P=0.007). Smokers with CYP1A1 minor homozygotes and GSTM1 null genotypes had a significantly higher level of DNA adducts than those without (P=0.027 for homozygotes, P=0.049 for heterozygotes). Smokers with NAT2 minor homozygotes also tended to have a higher DNA adduct level than those with heterozygotes and wild alleles, but the difference was not statistically significant. The DNA adduct level of smokers with ALDH2 heterozygotes was significantly higher than that of smokers with minor homozygotes (P=0.045). When smokers were divided into "high" and "low" groups according to mean level of plasma 13-carotene or a-tocopherol, in the low carotene group, the subjects with CYP1A1 minor homozygotes had higher DNA adduct levels than those with other CYP1A1 genotypes. Smokers with GSTT null genotype and high /3-carotene tended to have a higher DNA adduct level than those with GSTT present and high flcarotene (P=0.07), and those with GSTT null genotype and low /-carotene (P=0.07). There was weak correlation between DNA adduct level and number of cigarettes smoked per day in the low plasma /3-carotene group (r=o.28, n=36, p<0.1). These results suggested that polymorphisms of CYP1A1, GSTM1, T, NAT2, and ALDH2, and plasma /-carotene may modulate the level of DNA adducts.
Introduction
Individual differences in susceptibility to chemical-induced carcinoma are in part ascribable to genetic differences of metabolic enzymes, nutrition, and lifestyle. DNA adducts, as biomarkers for biologically effective dose of carcinogens, have been used to study the relationship between carcinogen exposure and cancer mechanisms. The question whether formation of environmental carcinogens-DNA adducts is modulated by host polymorphism has been under extensive investigation.
Certain carcinogens, namely polycyclic aromatic hydrocarbons (PAH), are metabolically activated by cytochrome P450 (CYP) family enzymes in the initial oxidation step. The exon 7 Val polymorphism of CYP 1 A 1 has been associated with increased risk of lung cancer in a Japanese population" 2), but several studies have found no association in Caucasian populations3' 4). Glutathione Stransferase (GST) classes include important detoxification enzymes that are responsible for conjugation of electrophilic compounds to glutathione, and therefore prevent reactive intermediates binding with DNA. The polymorphism of GSTM 1 is associated with high risk of lung cancer in Japanese and Caucasian populations" 5' 6) Some studies have found that GSTM 1 deficiency may be associated with higher levels of DNA adducts'-9~. Recently, a gene deletion polymorphism in GSTT class has been recognized, and ethnic differences in polymorphism have been found in genes1°' 11) Although GSTT deficiency has been shown to influence the background rate for sister chromatid exchanges and potentiate the induction of chromosomal damage by ethylene oxide in in vitro experiments 12, 13) , there is little data on the effect of GSTT polymorphism on DNA adducts 14) .
Polymorphism of the N-acetytransferase 2 (NAT2) gene has been associated with an increased risk of developing certain cancers15, 16 ) It has been suggested that people with slow acetylators may have higher levels of DNA adducts. Previous studies have indicated that polymorphism has no significant effects on DNA adducts8 ' 17) .
Acetaldehyde is suspected to be the ultimate carcinogen in alcohol-related carcinogenesis. A recent report has shown that alcoholics and habitual drinkers with the heterozygous genotype of low Km aldehyde dehydrogenase 2 (ALDH2) have a significantly higher risk of esophageal cancer18~. Other studies have indicated that acetaldehyde has many effects on health, including cytotoxicityl9~, DNA damage20~, and carcinogenesis in rodents21~. The question whether polymorphism of ALDH2 and alcohol drinking have affect Y WANG et al.
DNA adduct formation remains to be answered.
Relationship between combination of genetic polymorphisms and blood antioxidants and DNA adduct formation has not been reported so much22-24>. In vitro and in vivo experiments have indicated that fJ-carotene and atocopherol mediate PAH metabolism and PAH-DNA adduct formation25-27). It has been shown that PAH-DNA adduct levels are significantly inversely correlated with serum cholesterol-adjusted vitamin E and /3-carotene levels in smokers with GSTM 1 null genotype, and interaction of ficarotene and a-tocopherol was also found in one of two studies on DNA adducts22, 24). The above studies also showed that f3-carotene and a-tocopherol may modulate DNA adducts, and the effects might be influenced by GSTM 1 genotype.
In a previous study, we did not find that concentrations of plasma f'-carotene and a-tocopherol were significantly associated with DNA adduct levels in lymphocytes23~.
In the present study, we evaluated the effects of 0 genetic polymorphisms of CYP 1 A 1, GSTM 1, and Ti, NAT2, and ALDH2, 0 plasma /3-carotene and a-tocopherol, and 0 lifestyle (cigarette smoking and alcohol consumption) on DNA adduct levels, increasing the number of subjects from 104to 158.
Subjects and Method
Subjects One hundred and fifty-eight Japanese male workers (age; 18-58 years), who were employed in a food products factory, agreed to participate in this study. Each subject's daily cigarette consumption, alcohol consumption, and food intake were assessed by means of questionnaires. Nonsmokers and smokers were defined as persons who had not smoked for at least one year and persons who had been smoking for more than half a year, respectively. The daily nicotine intake of smokers was calculated from the data in a tobacco catalog (Japan Tobacco Inc., August 1994). A survey on the intake frequency of green/yellow vegetables and fruits was also conducted. For each food item, participants were required to choose one of four possible responses: almost never, 2-3 times per week, 4-5 times per week and every day.
Analysis
Blood specimens (7 ml) were obtained using EDTA tubes in the morning. After centrifuging, plasma was promptly separated and stored at -80°C. The modified HPLC method proposed by Miller2s, 29) was used for /3-carotene and a-tocopherol measurements. The HPLC system was model LC-9A (Shimadzu Co., Kyoto, Japan), and the column was shim-pack CLC-ODS M (4.6 mm x 15 cm, Shimadzu Co.). Two spectrophotometric detectors (SPD-6AV and SPD-6A, Shimadzu. Co) were set at 453 nm and 285 nm.
Urinary cotinine was measured by the HPLC method3o>, and the cotinine profile was adjusted with urinary creatinine. Urinary creatinine was measured by the Jaffe's method.
Lymphocytes were separated by Ficoll-Paque (Pharmacia LKB Biotechnology) and used for measurement of DNA adducts. DNA was isolated by a modification method using RNAase, protease digestion, and ethanol precipitation31. DNA products were stored at -80°C. The nuclease P 1 modification of the 32P-postlabeling method was used to measure aromatic DNA adducts32~. Five µg of DNA was digested with micrococcal nuclease, spleen phosphodiesterase, and nuclease P1 . The product was dried and taken up in total 2 ul of T4 polynucleotide kinase labeling mixture containing
[t32P] ATP. The labeled samples were spotted on thin layers of polyethyleneimine-cellulose (Macherry-Nagel, Germany) for multidirectional chromatography using three solvent systems. Adducts were visualized using a Bio-Image Analyzer (BAS2000; Fuji Photo Film Co., Tokyo, Japan) after exposing TLC plates to the films. An area including adducts on the TLC plates was counted, and background levels measured in the same plates were subtracted. The measurements were repeated 2-3 times for each sample. The results were expressed as the total number of adducts per 108 normal nucleotides.
Polymorphism of CYP 1 A 1 was detected by the restriction fragment length method proposed by Oyama et al. 33) , indicating that the exon 7 Ile-Val polymorphism results in a population of three subgroup genotypes; Ile/Ile, Ile/Val, and Val/Val. Polymorphisms of GSTM 1 and T were detected by the methods of Groppi et a1.34~ and Nelson et a1.11), respectively. The presence or deletion of the genes results in a population of subgroups corresponding to genotype GSTM 1 or T present (+) and null ( -). Polymorphism of NAT2 was detected according to the method of Hou et a1.8~. Subjects were divided into three subgroups according to the restriction analysis of PCR products with KpnI, TagI, and BamHI. RR genotype is for the wild-type allele, and RS is any one of the three point mutations. SS genotype is for minor homozygotes. ALDH2 polymorphism was detected according to the method of Takeshita et al.35~, and populations were divided into three subgroups of ALDH2 Al/Al, Al/ A2, and A2/A2.
Statistical analysis
The data on both DNA adducts and vitamin levels were log-transformed before statistical analysis. Significant differences in DNA adduct levels were assessed using ANOVA and unpaired Student's t tests. Partial and Pearson's correlation were utilized for analyses.
Results
In this cross-sectional study, 49% of the 158 male subjects were smokers. The characteristics and analytic variables for smokers and nonsmokers are presented in Table 1 . The mean ages of smokers and nonsmokers were almost the same. On average, smokers had consumed about one pack of cigarettes per day for about 18 years. The levels of nicotine intake and urinary cotinine in smokers were significantly Table 1 . Study characteristics and analytic variables higher than those in nonsmokers. In smokers, urinary cotinine levels were significantly correlated with the number of cigarettes (r=0.59, P<0.0001). Though intake frequencies of green/yellow vegetables and fruits did not differ between smokers and nonsmokers, the level of plasma /3-carotene in smokers was lower than that in nonsmokers (P=0.003). The plasma a-tocopherol level of smokers was also slightly lower than that of nonsmokers. In all subjects, plasma /3-carotene and a-tocopherol were weakly correlated (r=0.22, P<0.01). The proportion of drinkers among the smokers was almost as high as that among the nonsmokers. The alcohol intake per day in smokers was similar to that in nonsmokers. The effects of genetic polymorphisms of metabolic enzymes on lymphocyte DNA adduct levels are shown in Table 2 . Smokers had a significantly higher mean aromatic DNA adduct level in lymphocytes than nonsmokers (P=0.007). When subjects were classified by genotype, the DNA adduct levels in smokers and nonsmokers were significantly different among the populations with GSTMI present, T null, NAT2 SS, and ALDH2 Al/A2 allele. In smokers, DNA adduct level with CYP 1 A 1 Val/Val was higher than those with Ile/Ile and Ile/Val genotypes. The DNA adduct level of smokers with GSTM 1 present was significantly higher than that of smokers with GSTM 1 null (P=0.007). DNA adduct level of smokers with ALDH2 All A2 genotype was significantly higher than that of smokers with A2/A2 genotypes. The smokers with A2/A2 genotypes were all non drinkers. DNA adduct level of smokers with GSTT null was slightly higher than those of smokers with GSTT present (P=0.12). The DNA adduct level of smokers with NAT2 SS was slightly higher than that of smokers with RS genotype (P=0.08).
The combined effect of polymorphisms of CYP 1 A 1 and GSTM 1 null on DNA adduct levels in smokers is shown in Fig. 1 . In smokers with GSTM 1 null genotype, the DNA adduct level of subjects with CYP1A1 Val/Val genotypes (mean ± SD, 2.60 ± 0.281108 nucleotides) was significantly higher than that of subjects with CYP 1 A 1 Ile/Val (0.95 ± 0.42, P<0.05) and Ile/Ile (0.91 ± 0.55, P<0.05) genotypes. The DNA adduct level of smokers with CYP 1 A 1 Val/Val and GSTM 1 null genotype was also markedly higher than that of smokers with CYP 1 A 1 Val/Val and GSTM 1 present genotype (0.85 ± 0.14, n=2). Since there were only four genotypes. This tendency was not found in nonsmokers. The combined effect of polymorphism of GSTM1 and NAT2 on DNA adduct levels in smokers is shown in Fig. 3 . Within the GSTM1 present group, smokers with NAT2 SS had significantly higher DNA adduct levels (1.99 ± 0.99) than those with NAT2 RR or RS genotype (1.29 ± 0.77, P=0.056).
The combined effect of polymorphism of GSTT and NAT2 on DNA adducts in smokers is shown in Fig. 4 . In smokers with GSTT present group, the subjects with NAT2 SS had a slightly higher DNA adduct level (1.74 ± 1.14) than those with NAT2 RR or RS genotype (1.04 ± 0.62, P=0.08). In smokers with NAT2 RS or RR genotype, the DNA adduct level of GSTT null (1.34 ± 0.83) was slightly higher than that of GSTT present (1.04 ± 0.62, P=0.077). These differences between genotypes were not found among nonsmokers.
Effects of plasma /3=carotene and a-tocopherol on DNA adduct levels in smokers are shown in Table 3 . Subjects were divided into four subgroups according to their /3-carotene and a-tocopherol concentrations (lower or higher than median concentration). DNA adduct levels of smokers with high /3-carotene were slightly higher than those of smokers with low /3-carotene, but no significant difference was found. In low /3-carotene smokers, although the difference was not significant, the smokers with CYP 1 A 1 Val/Val genotype tended to have higher DNA adduct levels than the other smokers with Ile/Val (P=0.26) and lie/lie (P=0.14) genotypes (Fig. 5) . On the other hand, for smokers with CYP1A1 Ile/ Ile genotypes, the DNA adduct level in the high f3-carotene group was significantly higher than that in the low /3-carotene group (P<0.05).
Smokers with GSTT null and high plasma /3-carotene tended to have higher DNA adduct levels than those with GSTT present and high plasma /-carotene (P=0.07), and those with GSTT null and low /3-carotene (p=0.07, Fig. 6 ).
The tendency for CYP 1 A 1 and GSTT with plasma /3-carotene to affect the levels of DNA adducts was not found in nonsmokers.
There was weak correlation between DNA adduct levels and number of cigarettes smoked per day in the low /-carotene group (r=0.28, n=46, P<0.1). No significant correlation between plasma /-carotene or a-tocopherol concentration and DNA adduct levels was found in smokers or nonsmokers (even after adjusting for number of cigarettes smoked per day, or urinary cotinine concentration).
Alcohol consumption had no significant effect on the levels of DNA adducts in smokers. DNA adduct levels are expressed as adducts/108 nucleotides. Boxes indicate 25% and 75%, and the median level is indicated with a horizontal line.
et al. reported that the DNA adduct level of smokers with the CYP 1 A 1 Vat allele was two fold higher than that of smokers without this allele in a Caucasian population24~. However, neither studies revealed any significant combined effects of polymorphism of CYP 1 A 1 and GSTM 1 on DNA adduct levels. These results may be attributed to the very low frequency of minor homozygotes in Caucasian populations. In the present study, although there were only four smokers with CYP 1 A 1 Val/Val genotype, genetic polymorphism of CYP 1 A 1 combined with GSTM 1 tended to be associated with the formation of carcinogens-DNA adducts. In epidemiological studies among Japanese, it has been reported that CYP 1 A 1 exon 7 ValIVal combined with GSTM1 null genotype is associated with increased risk of lung cancers' 2). The results of the present study support the hypothesis that the CYP 1 A 1 minor homozygotes and GSTMI null genotype are important factors in cancer risk.
There have been several studies concerning the effects of GSTM 1 polymorphism on DNA adduct levels7_9~. GSTM 1 polymorphism has been associated with DNA adduct levels when combined with polymorphism of CYP 1 A 1, NAT2 or GST P1, but GSTM1 polymorphism has not been found to be directly associated with DNA adduct level. The above results indicate that the effect of GSTMI polymorphism on DNA adducts may be weak or confounded by other factors.
The results of the present study indicate, contrary to expectation, that smokers with GSTM1 present have a significantly higher DNA adduct level than the smokers with GSTM 1 null. Although we are unable to explain this result, the finding that the urinary cotinine level of the GSTM 1 present group was about two times higher than that of the null group suggests that the difference in DNA adduct level may result from different cigarettes smoke exposure.
The DNA adduct level of smokers with GSTT null was higher than that of smokers with GSTT present, as expected. This result was similar to our previous finding that subjects with a combination of GSTM1 null and T null had a higher DNA adduct level than the others in low dose cigarettes smokers14~. Smokers with CYP 1 A 1 ValIVal and GSTT null tended to have higher DNA adduct level than the other smokers, although the difference was not statistically significant. CYP 1 A 1 Val/Val and GSTT null may be associated with individual susceptibility to formation of DNA adducts.
It was recently reported that a high hemoglobin adduct level is associated with NAT2 slow acetylator in low dose cigarettes smokers36~. Hou et al. found that subjects with a combination of GSTM 1 null and NAT2 slow acetylator had higher DNA adduct level than subjects with GSTM1 null and NAT2 rapid acetylators, but the difference was not statistically significant. Moreover, their results indicated that among slow acetylators, individuals with GSTM1 null had a significantly higher DNA adduct level than those with GSTM 1 present8~. On the other hand, it has been reported that polymorphism of NAT2 did not affect adduct levels in bus drivers17~.
In our study, smokers with NAT2 SS genotype had significantly higher DNA adduct levels than those with RS or RR genotypes among GSTMI or T present groups. Smokers with NAT2 SS genotype may be highly susceptible to carcinogen exposure. Unfortunately, this result was obtained for GSTMI or T present smokers, not null smokers ( Fig. 3 and Fig. 4) . The combined effects of NAT2 and GSTT genotypes on DNA adducts have not been reported. In NAT2 RR or RS genotype group, the smokers with GSTT null had a significantly higher DNA adduct level than the smokers with GSTT present.
It has been reported that individuals with ALDH2 Al/A2 who consume alcohol regularly have a significantly higher frequency of sister chromatic exchange and higher 8-hydroxyguanosine levels than other groups37' 3s). It has been demonstrated that the ALDH2 genotypes significantly affect hemoglobin-associated acetaldehyde levels in blood39~. In the present study, we found that smokers with ALDH2 All A2 genotype have a significantly higher level of DNA adducts than smokers with ALDH2 A2/A2 genotype, but there was no significant difference between Al/A2 and Al/A1. These results suggest that ALDH2 polymorphism may influence DNA adduct level or DNA damage in smokers.
Experimental studies have indicated that /3-carotene and a-tocopherol can inhibit mutagenesis in bacterial systems40~, reduce chemically induced neoplasia4'' 42), and prevent malignant transformation of cell cultures43' 44) Early epidemiological studies indicated that /3-carotene and atocopherol decrease lung cancer risk and total mortality4s-asp, but recently, trials involving a large number of human subjects have shown that /3-carotene and a-tocopherol supplement increase the incidence of lung cancer and total mortality in cigarette smokers49~. Grinberg-Funs et a1.22~ found that PAH-DNA adducts were inversely correlated with serum cholesterol-adjusted vitamin E levels. The correlation was limited to subjects with GSTMI null genotype, and no association between PAH-DNA adducts and serum (-carotene levels was found. Another study by the same group showed that PAH-DNA adducts were inversely correlated with plasma levels of /3-carotene24~. This correlation was significant only in subjects with GSTM1 null, indicating that a-tocopherol had a significant protective effect on DNA adducts in subjects with low /3-carotene level.
Our present results obtained in a Japanese population showed no significant correlation between plasma /3-carotene or a-tocopherol level and DNA adduct level in smokers or nonsmokers. However, a tendency for smokers with CYP 1 A 1 Val/Val genotype to a higher DNA adduct level than those with Ile/Val and Ile/Ile genotypes was found in the low /3-carotene group. In smokers with CYP 1 A 1 Ile/Ile genotype, the DNA adduct level of the high /-carotene group was significantly higher than that of the low /3-carotene group (Fig. 5) . Smokers with GSTT null in the high plasma /3-carotene group tended to have a higher DNA adduct level than those with GSTT present (P=0.07, n=35) and those in the low /3-carotene group (p=0.07, n=31) (Fig. 6 ). These results indicated that there was an interaction between CYP 1 A 1 and GSTT genotypes with respect to plasma /3-carotene levels. /3-carotene may mediate the effects of polymorphism of CYP 1 A 1 and GSTT on DNA adducts in smokers.
Our present data obtained from nonsmokers indicate that neither genetic polymorphisms of metabolic enzymes, nor levels of plasma /3-carotene and a-tocopherol influence the levels of lymphocyte DNA adducts. The relatively low exposure to carcinogens of subjects in this study may explain these results.
In conclusion, smokers with CYP 1 A 1 exon 7 Val/Val and GSTM 1 null genotype had a significantly higher DNA adduct level than those with other genotypes of CYP 1 A 1 and GSTM 1 null. Smokers with such genotypes may be more susceptible to carcinogens that cause DNA damage and lung cancer. Polymorphism of GSTT, NAT2, and ALDH2 may modulate DNA damage. Plasma /3-carotene may influence DNA damage due to carcinogens by interaction with genotypes of CYP 1 A 1 and GSTT. Genetic polymorphism of CYP 1 A 1, GSTM 1, T, NAT2, and ALDH2, as well as plasma /3-carotene level and cigarette smoking, may contribute to individual susceptibility to DNA damage and lung cancer.
